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Introduction
Acrylic bone cements are two part systems: (1) the powder comprising of mainly polymethyl methacrylate (PMMA) beads and (2) the liquid component that has methyl methacrylate (MMA) monomer as the principal constituent. During the free radical polymerisation, the viscosity of the cement dough is continually changing, which results in variations in its handling characteristics [1] . The cement mass goes through four phases as polymerisation progresses; (1) mixing, (2) waiting, (3) working and (4) setting phases. At the end of the setting phase the cement is fully hardened, the setting time can be determined during this phase [2] .
The duration of each phase is strongly affected by ambient temperature with a 1ºC increase resulting in a reduction in the overall setting time of approximately 1min [3, 4] . Determination of the stage of cement polymerisation and subsequently whether it is ready for delivery to the bone cavity is determined by the orthopaedic surgeon using physical examination. To assist the orthopaedic surgeon, each cement manufacturer includes technical information with the acrylic cement providing approximate times for each polymerisation phase as a function of ambient temperature. However, other factors also have an effect on the polymerisation reaction of acrylic bone cement. These include cement composition (i.e. different cement brands); powder to liquid ratio [1, [5] [6] [7] ; cement quantity being mixed [5, 8] ; humidity of mixing environment [6, 9] ; storage conditions of cement [3, 4, 8, 10] ; mixing system used [11] and whether vacuum is applied during mixing [1, 10, 12, 13] .
The orthopaedic surgeon is largely interested in the dough time of the cement, which is defined as the time when the cement will first separate cleanly from a gloved finger. Although this seems straightforward, it is a subjective process and can be influenced by other factors. He et al. [14] found that indication of the dough time and therefore in start of the working phase can vary by up to 250% depending on the choice of surgical glove used. Dunne et al. [15] highlighted the uncertainty and subjective nature of this process, which requires a high level of expertise on the part of the orthopaedic surgeon.
Currently, there are no objective techniques available for use in surgical theatres to assist the orthopaedic surgeon in determining the stage of polymerisation of the bone cement. ISO 5833:2002 includes a method for monitoring the temperature of the cement throughout polymerisation. From this, a setting time can be determined, but this is of little value in the clinical environment as it does not provide any real time information on the polymerisation reaction [16] . Successful real-time monitoring of the polymerisation reaction has been achieved using Raman Spectroscopy [16, 17] and the results were found to correlate with data generated as per ISO 5833:2002 protocol [2] . Briscoe and New (2010) developed and validated a chemical kinetics model to predict the degree of polymerisation for PMMA bone cement and a second linear computational model to predict mechanical properties and density, which was used to predict residual stresses generation and shrinkage with cement mantles over time [18] .
Ultrasonic technology (UT) has been used successfully to monitor the setting process of calcium sulphate cements [19, 20] and there has been some work investigating the use of UT as a characterisation tool for the polymerisation reaction of acrylic bone cements modified with hydroxyapatite [20] and commercially available acrylic bone cements [15] . These studies monitored changes in acoustic properties of the cement during polymerisation and attempted to define a cure time as this would allow direct comparison between different cements. Viano et al.
[20] chose the time taken to reach 95% of the final speed of sound (c) through the fully polymerised cement as the cure time. Dunne et al. [15] used the time at 75% of the final value of c, which correlated with the setting time, determined in accordance with ISO 5833:2002 [2] . A potential correlation between the final acoustic properties of bone cement and the cement's mechanical properties has been reported [15] , which would not normally be available to the orthopaedic surgeon.
The aim of this study was to critically evaluate the objectivity and reproducibility of an ultrasonic test method for determining the setting characteristics and mechanical properties of different acrylic bone cements when mixed using the same proprietary mixing and delivery device under atmospheric and vacuum conditions.
Materials and Methods

Cement Preparation
Three commercially available acrylic bone cements were analysed in this study: Palacos® R (Heraeus Kulzer, Germany), SmartSet® HV (CMW Laboratories Ltd., UK) and Simplex® P (Stryker Howmedica Osteonics, Ireland). Each batch contained a single mix of cement consisting of 40g powder and 20mL liquid. All materials and mixing devices were stored at ambient laboratory conditions (22±1°C, 50±2% relative humidity) for a minimum of 24h prior to mixing. All cement constituents were mixed using a Summit HiVac™ Syringe mixing and delivery system (Summit Medical Ltd, UK). Two mixing regimes were adopted: (1) mixing under atmospheric conditions for 30s (60s for Simplex® P) and (2) mixing under a vacuum of72kPa for the same duration. After mixing the dough was quickly transferred to the appropriate moulds for monitoring.
Monitoring using Ultrasonic Technology
In order to determine c through the polymerising cement, a pulse-echo ultrasonic set-up was used. This required only one 10mm diameter transducer (Krautkramer MK1S 1 MHz) that was used to both transmit and receive ultrasonic pulses. The transducer was attached to a Krautkramer USN60 flaw detector (Agfa NDT Ltd, UK) set to operate in pulse echo mode. This flaw detector has a built in oscilloscope that displayed both transmitted pulses and any echoes received.
After the cement was mixed, 20 ± 1g was transferred into the ultrasonic receptacle ( arising from the ultrasonic pulse encountering an interface between two different materials were reflected directly back to the transducer. As the polymerising cement is of primary interest, it was necessary to identify the echoes that corresponded to the buffer/cement interface and the cement/mild steel interface (Fig. 1) . The flaw detector allowed manual positioning of cursors over these echoes and the time of flight (t) through the cement could be determined. With the thickness of cement (d) known, it was then possible to calculate the velocity of sound through the cement using Eq. (1).
Monitoring began as soon as a signal was established and t was recorded as follows: (1 
Temperature Monitoring
The maximum temperature and setting time (Tmax and tset) were determined in accordance with ISO 5833:2002 [2] . A nickel-chromium-aluminium k-type thermocouple was used along with PicoLog Data Acquisition Software (Pico Technology Ltd., UK). The test equipment was stored in ambient laboratory conditions (22±3°C, 50±2% relative humidity) for a minimum of 2h, prior to testing. The temperature was recorded at 1s intervals for a period of 1h, resulting in a temperature trace (Fig 2) . As with ultrasonic monitoring, five tests were conducted for each cement type, mixed both under atmospheric and vacuum conditions. Setting times and times at maximum temperature were calculated, mean and standard deviation values were subsequently determined.
Preparation of Specimens and Determination of Mechanical Properties
The ultrasonic monitoring of cement resulted in a block of cement measuring 20±1mm x 20±1mm x 30±1mm. After the cement had been allowed to cure for a minimum of 24h and the final c reading had been recorded, the block was machined to create four compressive specimens in accordance with ISO 5833:2002; cylinders of 6±0.1mm diameter and 12±0.1mm in length [2] .
The amount of cement required for ultrasonic monitoring was approximately half a single mix of bone cement. The remaining cement was injected into a PTFE mould to form four-point bend specimens of dimensions 3.3± 0.1mm x 10±0.1mm x 75±0.1mm, in accordance with ISO 5833:2002 [2] .
Mechanical testing was conducted in accordance with ISO 5833:2002 using a Lloyd materials testing machine (Lloyd Instruments Ltd, UK). The bend specimens were loaded at a rate of 5mm/min in four-point bending until failure occurred; a load vs. deformation plot was obtained;
the bend strength and bend modulus was calculated. The compressive specimens were loaded under compression at a rate of 20mm/min until a deflection of 3mm was achieved; a load vs.
deformation plot was obtained from which the compressive strength was then calculated. A minimum of 15 four-point bend specimens and 20 compressive specimens were tested for each bone cement type and mixing condition. The mean and standard deviation were then calculated.
After mechanical testing, the value of c through each specimen was determined at the point of fracture using the pulse-echo method.
The density of each specimen was determined using Archimedes' principle. This required each specimen to be weighed in air and in water. The density of the specimen, ρ, could then be calculated using Eq. (2): 
Where mair = mass of specimen in air (kg); mwater = mass of specimen when submerged in water (kg); ρwater = density of water in which specimen was weighed (kgm -3 ).
A relationship exists between c through a material and the modulus and density of the material
Since the bend modulus and density were known for the four-point bend specimens, the theoretical value of c for each specimen was calculated using Eq. (3), for comparison to the experimentally determined value of c.
Statistical Analysis
All experimental data was evaluated for statistical differences between atmospheric and vacuum mixing of the acrylic bone cement. If the assumptions for Normality were satisfied, a two sample t-test was used. For non-parametric data a Kruskal-Wallis test was conducted. For both tests a p-value<0.05 denoted significance. Correlation analysis was conducted between the final c value and the resultant mechanical properties. For correlation analysis, if the data sets were distributed normally, the Pearson correlation coefficient, r, was calculated. If the data was not distributed normally, Spearman's rank correlation coefficient, rs, was calculated. If the calculated coefficient was greater than the critical coefficient for that sample size, the relationship was significant at p-value<0.05.
Results
The values of c throughout the polymerisation reactions for SmartSet® HV bone cement mixed under atmospheric and vacuum conditions are shown in Fig. 3 . Similar trends were observed for Palacos® R and Simplex® P cements, irrespective of the method of cement mixing. The c vs.
time elapsed from start of mixing traces showed an initial plateau, followed by a large sharp rise in c, and then another plateau continuing until monitoring was completed. When the cement reached a state of full polymerisation, it was possible to investigate the relationship between the acoustic and mechanical properties of the cement (Table 2 and Table 3 ). No significant correlation was found between c and compressive strength (r < rcrit or rs < rs crit for all bone cements and mixing conditions investigated. For this sample size, rcrit = 0.878, rs crit = 0.900) ( Table 4 ). For both Palacos® R and SmartSet® HV bone cements however, the noted increases in density and compressive strength caused by vacuum mixing coincided with the increased values of c found for vacuum mixed bone cement.
As with the associated relationships for the compression specimens, there did not appear to be any consistent relationships for the four-point bend specimens when comparing c through the specimens with the bend strength, bend modulus and density. Although positive correlations were found in five situations, no significant trends were found across the different cements and mixing conditions investigated (Table 5 ). When the experimentally calculated values of c were compared to the theoretically calculated values Eq. (3), it was evident that the values were distinctly different (Table 3) .
The lack of agreement may have been due to the fact that c was a function of the material alone, whereas the bend modulus was a function of both the material and specimen geometry. To eliminate the effect of the specimen dimensions on the bend modulus value, a shape factor was applied. The shape factor, ø, was determined experimentally by testing specimens in four-point bend, as described previously Eq. (4):
Where FF = load at fracture (N); FE = load at elastic limit (N).
The heterogeneous nature of acrylic bone cement made it an unsuitable material to determine a shape factor as the presence of pores and/or unmixed powder could not be wholly taken in account. Instead, four-point bend specimens were created from general purpose acrylic sheet (Perspex®). Perspex® was chosen as the main constituent of fully polymerised bone cement is acrylic and Perspex® sheet is unlikely to contain pores or in homogeneities within the bulk polymer. Three Perspex® specimens were tested and an average shape factor of ø = 2.42±0.09 was determined. This shape factor was used to calculate a new theoretical value of c for each bone cement specimen using a modified version of Eq. (3):
The average theoretical values of c using Eq. (5) can be found in Table 3 , percentage differences in the theoretically calculated c values compared to the average determined experimentally.
Final c values for the acrylic bone cement specimens are also shown (Table 3 ).
Discussion
The variation in c agrees with the general patterns observed in previous studies [15, 20] . This variation can be split into three stages: (1) initial plateau where there was little variation in c; (2) sharp increase when c increased by 700-1100ms The initial plateau can be attributed to an induction period caused by the presence of the inhibitor, hydroquinone. Polymerisation will not begin until all the inhibitor has been consumed [212] , leading to the initial plateau seen in the value of c.
The initial plateau or induction period was found to be longer for the acrylic bone cements prepared under atmospheric condition due to the presence of oxygen during atmospheric mixing.
He et al. [13] established that oxygen molecules are known radical scavengers, which will join the inhibitor in stealing free radical molecules, causing the induction period to increase in duration.
The second stage involved a large rise in c occurring rapidly over a period of 2-5 min, which corresponded with an increase in cement viscosity and inhibited the movement of growing polymer chains; allowing the sound pulses to travel faster, leading to the increase in c through the mass. Similar trends have been reported during the monitoring of the setting/curing reactions of other systems; whereby a more organised, closely packed microstructure rather than consisting of particles in a solution [15, 20, 22, 23, 24] . Carlson et al. [18] did not report a similar finding when monitoring a calcium sulphate based bone cement. They found that as c increased, the density actually decreased, which was attributed to the emerging crystalline microstructure of the cement, thereby propagating the sound waves faster rather than the closer packing of the molecules.
The final phase began when the rate of increase of c had dropped. This was because the number of free monomer molecules left in the cement had dropped to a level that made the rate achieved under the Trommsdorff effect unsustainable [25] . The rate of chain growth decreased, leading to smaller changes in c before the reaction had effectively terminated and c levelled off to a plateau.
Comparison with the limited literature available on ultrasonic monitoring of bone cement shows that the final values of c obtained are in agreement with those reported previously [15, 20] . This is further confirmation that the test set up and equipment used in this current study was acceptable and can be compared to literature reliably.
In this study, both the Palacos® R (p-values<0.001), SmartSet® HV (p-values<0.001) and
Simplex P® bone cements demonstrated average final c values for the vacuum mixed cements, which were higher than those of the atmospherically mixed cement. The higher density for the cement prepared under vacuum led to a reduction in porosity content, which allowed for faster propagation of the sound waves through the hardened cement. Image analysis of cement sections showed that the porosity content was 2-4% for the cements prepared under vacuum, in comparison to 5-8% for the same cement composition mixed under atmospheric conditions. It was viewed that the presence of pores within the cement would result in sound waves having to propagate through small air pockets of air, thereby slowing its overall travel through the cement mass.
After the final value of c was found, it was possible to calculate the time to reach 75% and 95% of this value, and therefore determine the time parameter known as the cure duration [15, 20] . In this current study there was a greater agreement (Table 1) was observed when the time at 75% of the final value of c was used to define the setting time as calculated using the temperature monitoring method [2] , which was in agreement with previous studies [15] .
The time of maximum temperature during polymerisation has been shown to indicate the end of the reaction [16, 17] . In an effort to determine if this variable can be denoted using UT, a comparison was made between the time of maximum temperature and the time at 95% of final c. (Table 1) . Whereas the temperature monitoring method only measured the temperature increase caused by the exothermic chain propagation; other techniques have been used to determine the end of reaction by monitoring the breakdown of the carbon double bond during chain propagation [16, 17] , UT examines the overall microstructure of the cement.
Although chain propagation will have ended at the time of maximum temperature, there will still be changes in the cement microstructure as termination takes place through two incomplete chain ends meeting or through electron transfer. This will lead to a change in c, even though other methods may suggest that the reaction is over.
Using both the cure time and the setting time, it was possible to investigate the effect that vacuum mixing has on the polymerisation reaction. Vacuum mixing decreased the setting time for all cements investigated (Table 1) , although this reduction was not significant (p-values = 0.502, 0.543 and 0.068 for Palacos® R, SmartSet® HV and Simplex® P, respectively). This finding was in agreement with the trends previously reported in the majority of literature [1, 10, 13] . For both mixing conditions, the Simplex® P bone cement exhibited longer setting times
than the other two cements tested due to a longer induction period during which time there is no increase in c. After this initial period, the variation in c was comparable to the other two bone cements and the large increase of the second phase actually occurred over a shorter period of time than for the Palacos® R and SmartSet® HV bone cements. To explain this observation it is necessary to consider the bone cement composition. Simplex ® P bone cement has a greater amount of BPO (0.51g) when compared to Palacos® R bone cement (0.3g) and the SmartSet® HV bone cement (0.4g). Assuming that all of this BPO is converted into benzoyl radicals and these into active centres, there will be more points from which chains can grow and theoretically, polymerisation should therefore take place more rapidly.
The degree of monomer conversion, which is indicative of the extent of polymerisation was calculated using Differential Scanning Calorimetry [8] and the subsequent values recorded were within the previously range quoted for acrylic bone cement [4, 7] . The Palacos® R and Vacuum mixing increased the density and mechanical properties ( Table 2 and Table 3 ), which supports the earlier argument that the increase in c was caused by the change in density of the cement as it polymerised. It has been reported widely that acoustic properties can be used to determine mechanical properties for a wider range of materials including alumina ceramics [26] and trabecular bone [27] . A potential strong relationship between c values, density and compressive strength of acrylic bone cement has been previously reported [15] . In this study, there were no significant correlations between the final velocity of sound and either the compressive strength or final density of the cement (Table 4 ). The only significant correlations existed between the cement density and compressive strength for both the Palacos® R and the SmartSet® HV bone cements mixed under vacuum and the Simplex® P bone cement mixed under atmospheric conditions. Examining the mechanical data for the four-point bend specimens, there were five cases out of 18 correlation analyses where a significant correlation was observed (Table 5 ). Unfortunately since no trends existed across all bone cements and mixing conditions it was difficult to determine with certainty that UT can be used to predicate the mechanical properties of polymerised bone cement.
Although the results are different to those found reported previously [15] , there were distinctions between the two studies. Unlike the previous study [15] , the ultrasonic properties of each compression specimen was not determined on an individual basis, rather the specimens were produced from each block of cured cement following the ultrasonic monitoring tests. The ultrasonic pulse did not pass through the whole block during testing so to use the value obtained for the block to represent all four specimens created required a broad assumption of homogeneity of mix. Kurdy et al. [28] used radiographic imaging to demonstrate that bone cement mix quality (pores and unmixed powder) can vary greatly, therefore the assumption of homogeneity within specimens is not accurate, possibly providing an explanation to the poor correlations obtained.
Poor correlations were also found when conducting correlation analyses between the final c values and cement density, bend strength and bend modulus of the four-point bend specimens.
Cement homogeneity was not an issue in this instance since the ultrasonic measurement was taken at the fracture site. However, pores within the cement microstructure could have had an influence on the correlation analysis. Pores act as potential stress raisers since they reduce the surface area of cement over which the load acts. This will lower the load that the specimen can withstand. The pore may not have the same effect on the c value at the point of fracture. It is postulated this could be for one of two reasons: (1) the area of the pore will be small in comparison to the area of the transducer or (2) the 'critical pore' may be involved in the fracture process and therefore unavailable for subsequent scanning and therefore will not have a noticeable effect on the speed of the pulse through the specimen. For this reason significant correlations between the ultrasonic and final mechanical properties could not be found consistently.
The theoretical c values obtained from the four-point bend specimens using Eq. (3) are not in agreement with the experimentally determined values of c ( Table 3) . Recalculation of the theoretical c values, taking into account this shape factor (Eq. 5), it was found that there was a much closer agreement with the experimentally determined c values (Table 3) . Although there is still a level of error present (9.26-13.89%), which may be attributed to inhomogeneous material properties or the fact that the shape factor was calculated using pure PMMA, whereas the cements contain a proportion of other substances.
The theoretical values for c were determined using the respective bend modulus value and density. The density used was the apparent density calculated using Archimedes' principle.
Although there is a degree of error using this method, a high level of consistency was observed for the density values within a particular cement batch. It has been stated that mechanical testing is not the most accurate method of determining the modulus of a material since there is the possibility of material creep and deflection of the testing machine [201] . If there were errors in the recorded cement density or modulus it would affect the calculated theoretical value for c and may also help to explain the error between theoretical and experimental values.
Therefore considering all the results; the pulse-echo ultrasonic test method could be used as an effective and reliable method for following the full polymerisation reaction of acrylic bone cement in real-time and then determining the setting properties within a surgical theatre environment. However the application of similar technology for predicting the final mechanical properties of acrylic bone cement on a reliable and consistent basis may prove difficult. Further studies are now underway in an effort to integrate such UT within an automated bone cement mixing system, whereby the polymerisation reaction can be monitored in real-time and the bone cement delivered at the correct time irrespective of cement type, mixing condition and environmental conditions.
Conclusions
A critical examination of the relationship between polymerisation reaction, mechanical properties and acoustic properties for three different types of acrylic bone cement when mixed under atmospheric and vacuum mixing conditions was conducted using the pulse-echo ultrasonic technique. The main conclusion of the study was for a given cement, the polymerisation reaction and principal setting characteristics can be accurately determined in real-time irrespective of the mixing technique adopted. However using the final acoustic properties of acrylic bone cement to predict its mechanical properties may prove problematic and less straightforward as inhomogeneities within the cement microstructure and specimen geometry may have a significant influence.
